Introduction
chloroplast genetic engineering offers several important advantages such as high-level transgene expression, transgene containment by maternal inheritance and lack of gene silencing and position effects (5) . nevertheless, the practical use of chloroplast genetic engineering is limited because of low transformation efficiency in most plants. Better methods are difficult to develop, as we know very little about the mechanisms directing the delivered gene into the chloroplast genome. in this project, we tested different forms of source DnA for chloroplast transformation. in the classical approach, circular bacterial plasmid vectors carrying the transgene and ~1000 bp flanking sequences homologous to the chloroplast target site are used for direct biolistic delivery into chloroplasts, and homologous recombination with the target site is the presumed mechanism of stable chloroplast transformation. Similar experiments in yeasts with targeted insertion mutagenesis showed that linear vectors with the gap in the vector homology region can increase the integration efficiency up to three orders of magnitude. Gap-repair mechanism using non-replicating targeted DnA as a template was suggested (19) . in cyanobacteria related to plant chloroplasts, targeted mutagenesis with linear vectors also performs very well, provided that the flanking homologous sequences are long (6) . We acknowledged that this procedure may also be useful in chloroplasts and therefore we used both circular and linear plasmid vectors for transformation.
Multigene chloroplast engineering is possible in a single transformation event (15) , which can be effectively utilized for the introduction of both studied transgene and selectable gene in one step. the bacterial spectinomycin resistance gene is very efficient and most often used for the selection of transplastomic plants (16) but its presence in plants might inflict a problem for public acceptance. Accordingly, several systems for selectable gene elimination have been described (5) . in this paper, we verified one of them that relies on homologous recombination between two direct repeats.
it is generally accepted that chloroplasts transformation holds great potential for the production of recombinant pharmaceutical proteins in plants. the and time-consuming but the general advantages of plant expression systems, as rapid scalability, low-cost production, and absence of human pathogens, are retained. We have studied the plant production and immunogenicity of the human papillomavirus (hPV16)-derived e7GGG protein containing point mutations resulting in substitution of three amino acids in the pRb binding site (21) . We have found that the fusion of E7GGG with bacterial β-glucuronidase (GUS) expressed in bacterial or mammalian cells is highly immunogenic, protecting almost all DnA-vaccinated mice against a challenge with e7-containig tc-1 tumor cells (22) . transgenic potatoes and tomatoes were obtained by nuclear transformation using Agrobacterium vectors with the E7GGG/gus fusion gene, but the steady-state level of the fusion protein was 100 times lower compared to that of similar fusion proteins without murine and human immunodominant epitopes (2) . Moreover, the codon-optimized E7GGG gene fused with gus did not show substantially higher steady-state level of the produced fusion protein in transfected human cells (23) or in plant cells, even if mRnA levels were relatively high. chloroplast transformation performed in this study has been supposed to alleviate the presumed toxicity effects of the e7GGG protein for plant cells.
materials and methods
Plant material and biolistics tobacco plants (Nicotiana tabacum var. Samsun) were cultured in vitro on MS (18) medium in a growth chamber at 24 °c under 16 h light/8 h dark conditions and 4-5-weekold leaf segments about 2 cm×2 cm were used as targets for microparticle mediated delivery of chloroplast transformation vector pcB0773A into chloroplasts. Particle delivery system PDS 1000/He (Bio-Rad, USA) and gold microcarriers (0.6 μm) were employed. coating of microcarriers with vector DnA was carried out according to the PDS apparatus manufacturer's recommendations and the delivery conditions used were as follows: helium pressure 1100 psi (7.584 MPa), target distance 9 cm, chamber pressure reduction by 28" hg (0.095 MPa), and 0.5 mg golden microcarriers coated with 0.8 μg DNA per each shot. For bombardment, the leaf segment was placed bottom side up in 9 cm Petri dish with RMoP (24) medium without selection agent. After 2 days in a growth chamber at 24 °c under dimmed light and 16 h photoperiod each bombarded leaf segment was torn to pieces about 5 mm×5 mm and placed bottom-side-down onto RMoP medium supplemented with 500 mg/l spectinomycin. transformation vector pcB0773A ( fig. 1 ) harbored two transgenes in tandem: the aadA marker gene and the E7GGG/ gus fusion gene, flanked with tobacco cpDNA sequences conferring recombination of the transgenes between plastid rpoB and trnC genes within the long single-copy sequence. Both transgenes were equipped with a tobacco 16S rRnA gene promoter together with the Shine-Dalgarno sequence of the Chlamydomonas reinhardtii rbcL gene and, at the 3´ end, with the termination sequence derived from the C. reinhardtii rbcL gene. selection, marker gene elimination and molecular analyses three days after bombardment, the leaf explants were transferred on spectinomycin (500 mg/l) containing RMoP medium where regenerated shoots arose successively during 4-6 weeks. the shoots were cut and carried to hormone-free RMoP medium with the same spectinomycin concentration for rooting. Rooted plants were vegetatively propagated in vitro under selection pressure for the following 4 months. thereafter, the plants showing marker transgene presence verified by PCR with P1 and P2 primers were transferred into peat substrate in greenhouse and crossed as mother individuals with nontransgenic tobacco. Seeds harvested individually from each plant capsule were planted in vitro onto selection medium and the rare white seedlings were transferred on spectinomycinfree medium 2-3 days after germination, for recovery. the presence of both transgenes as well as the expression level of the gus gene in these plants were evaluated by PcR and fluorometric GUS assay (10), respectively. Nine out of these plants showing high GUS activity were self pollinated, the seeds of each plant were sown on antibiotic-free MS medium and 15 randomly selected seedlings of each plant were GUS assayed. out of them, the plants with high GUS activity were PcR assayed for both E7GGG/gus and aadA transgene. the same assays were also carried out with one plant exhibiting low, i.e. non-transgenic plant level, GUS activity. Based on these PcR tests, 8 plants were selected for detailed molecular analyses.
The fluorometric assay for evaluation of β-glucuronidase activity of the E7GGG/gus fusion gene in transgenic plant tissues was previously described (2) . in brief, about 4 mg of leaf sample was homogenised in 75 μL GUS extraction buffer, 4.5 μL of the extract was appended to 75 μL of 1 mmol/L 4-methylumbelliferyl-β-D-glucuronide (MUG) in extraction buffer and the sample was incubated at 37 °c until the reaction was stopped at different time intervals by addition of 20 μL aliquots to 1.5 ml of 0.2 mol/l na 2 co 3 . The fluorescence was quantified using DyNAQuant 200 fluorometer (Hoefer, USA) at 365 nm excitation wavelength and 445 nm emission wavelength. the concentration of total soluble proteins was determined according to Bradford (1) .
PcR assays were performed according to Klimyuk et al. (13) using small pieces of leaves of the tested plants. the use of P1 (5'-GAA GcG Gtt Atc Gcc GAA G-3') and P2 (5'-ttA ttt Gcc AAc tAc ctt AGt GAt c-3') primers (8) resulted in amplification of an aadA gene fragment of 787 bp. the presence of the E7GGG/gus gene was verified by use of P3 (5'-ttc cAA cct Gct tGA AtA ccA G-3') and P4 (5'-tGc AtG GAG AtA ctc ctA ctc-3') primers resulting in amplification of an approximately 5 kbp sequence when both transgenes were integrated or an approximately 3.6 kbp sequence in the case of the marker gene elimination. the PCR profile was as follows: 45 s denaturation at 94 °C, 30 s annealing at 62 °c, 3 min extension at 72 °c for a total of 35 cycles followed by final extension for 10 min at 72 °C.
Genomic DNA (15 μg) extracted from leaves according to tai and tanksley (25) was used for Southern blot analyses. DnA was digested with Nsii restriction enzyme, electrophoresed overnight in 1 % agarose gel with tBe buffer (20) and transferred onto nylon hybond-n + (Ge healthcare, UK) membrane. hybridization procedure according to church and Gilbert (4) was used and 709 bp DnA fragment derived from rpoB gene flanking sequence or 495 bp fragment derived from the gus gene served as probes ( fig. 1) . Both probes were labeled with [a- 8 MBq/mmol) using a random priming kit Rediprime tM ii (Ge healthcare, UK) and the membranes were scanned using the phosphoimager typhoon system (Amersham Biosciences, UK) after 5h exposure.
total RnA extracted from 100 mg of leaf tissue of selected transplastomic plants by the Rneasy Plant Mini Kit (qiagen, Germany) was used for two-step reverse transcription PcR (Rt-PcR). enhanced Avian hS Rt-PcR Kit (Sigma, Germany) was employed in accordance with the manufacturer's recommendations. Briefly, 20 μL of first-step mixture containing among others 20 U of enhanced AMV reverse transcriptase and about 2.5 μg of total RNA, was incubated at 42 °C for 50 min for the first strand cDNA synthesis. Subsequently, 2 μL of this mixture were used as a template in the second-step reaction with specific primers and JumpStart AccuTaq LA DNA polymerase, allowing amplification of the relevant transgene fragment if specific mRNA was present in the starting total RnA sample.
For Western blotting about 25 mg leaf tissue was used basically as reported in Bříza et al. (2) and either mouse monoclonal anti-e7 antibody (Zymed, USA) or rabbit polyclonal anti-GUS antibody (Abcam, UK) were employed.
results and Discussion
Altogether, 29 regenerated shoots arose on shot leaf explants cultivated on spectinomycin RMoP medium during 4-6 weeks after two independent biolistic experiments each consisting of 12 shots. out of them, 25 shoots were obtained when a circular vector was used and only 4 ones after bombardment with a linear vector. the GUS activity of all shoots was determined ( Table 1 ) and 20 shoots were subsequently able to form roots on selection hormone-free medium. Despite the identical integration sites in all plants, GUS activity levels were found very heterogeneous due to different degree of heteroplasmy of particular primary transformants.
After 4 months of selection we obtained 20 rooted plants, all of them resultant from the circular vector transformation experiment ( Table 1) . Fifteen putatively homoplasmic plants were then crossed as mother plants with non-transgenic tobacco and 29 white or yellow seedlings were recovered after the hybrid seeds were sown onto spectinomycin-containing medium. these non-green seedlings appeared in samples of 200-400 seeds from 8 mother plants, whilst 7 plants seemed to be at homoplasmic stage showing no white or yellow descendants (data not shown). nine out of 29 recovered plants exhibiting the highest level of GUS activities were self-pollinated, harvested seeds were sown onto non-selection medium and 15 randomly selected seedlings from each plant were assayed for GUS activities again ( Table 2) . Among 135 analyzed plants one individual appeared to show low GUS activity at non-transgenic plant level. Finally, PcR assays were performed with 26 plants exhibiting high GUS activities as well as with one plant that showed no such activity ( fig. 2) . the presence of a fragment sized about 3.6 kbp in 26 lanes demonstrates that all these plants harbored E7GGG/gus but not aadA (fig. 2b) . in lanes 1, 2 and 3, a band sized about 800 bp corresponding to the aadA gene fragment appeared ( fig. 2a) . this implies that the plant DnA samples in lanes 2 and 3 carried both transgenes. the results in lane 1 confirmed the absence of the gus gene in the plant (in agreement with the GUS activity assay) as well as the presence of the marker gene aadA. in addition, the weak signal of about 5 kbp in lanes 2 and 3 (fig. 2b) implied that these plants could harbor both the original construct with the two transgenes and the construct where the marker gene has been eliminated by homologous recombination between the transgene termination sequences. Table 2 β-glucuronidase activities of 9 plants recovered from selection medium and their descendants. the number of analysed individuals was 15 for each descendent and the levels of GUS activity are shown for 27 plants selected for following PcR analyses. Activity values of plants that were selected based on the PCR assays for the final molecular analyses are underlined. fig. 2) , the plant providing one band corresponding to the aadA gene (lane 1), the plant exhibiting two bands (lane 3) and 6 randomly selected plants demonstrating presence of only the E7GGG/gus gene (lanes 5, 9, 12, 16, 21, 27) were selected for detailed molecular analyses. Southern blot analyses ( fig. 3) confirmed that plant 1 harbored the aadA gene only, plants 5, 9, 12, 16, 21 , and 27 carried the gus gene, and plant 3 both a truncated fragment of the transformation vector without the aadA gene and a fullsized vector containing aadA and E7GGG/gus. in addition, the use of a probe derived from the rpoB gene ( fig. 3a) proved that all transgenic plants were homoplasmic because no band sized about 2.6 kbp in length, which characterizes an empty acceptor site in cpDnA, was detected. the use of the gus genederived probe ( fig. 3b) verified that the signals obtained with the rpoB probe were gus gene-specific. fig. 3 . Southern hybridisation analyses of tobacco chloroplast transformants. rpoB gene derived probe (a) or gus gene derived one (b) were used. For the rpoB probe, the expected band size was about 4.1 kb when the E7GGG/gus gene is eliminated by homologous recombination, about 5.3 kb for aadA gene elimination, about 6.5 kb for full-sized integrated DnA, and about 2.7 kb for an empty acceptor site. lane l: DnA size marker (1 kb ladder, Gibco-BRl); lanes 1-8: plant 1, 3, 5, 9, 12, 16, 21, 27, respectively; lane 9: non-transformed tobacco plant. fig. 4 . Rt-PcR analyses of tobacco chloroplast transformants. aadA gene (a) or E7GGG/gus fusion gene-derived primers were used (see fig. 1 ). lane l: DnA size marker (2-log ladder, neB); lanes 1-8 -plant 1, 3, 5, 9, 12, 16, 21, 27, respectively; lane 9: non-transformed tobacco plant; lane nK: negative control of the first-step reaction; lane PK: transformation vector pCB0773A; lane MM: negative control of the second-step reaction.
these results lead to the conclusion that we obtained plants with transformed cpDnA where the marker gene (aadA) was eliminated during cultivation on non-selective medium. Since both transgenes in the chloroplast transformation vector were provided with the same termination sequence (rbcL of C. reinhardtii) in direct orientation, it seems highly probable that homologous recombination between both of these sequences was the reason. Similarly, the loss of the E7GGG/ gus transgene in transplastomic plant 1 is, obviously, the result of homologous recombination between 5´-end sequences of both transgenes containing tobacco 16S rRnA gene promoter. This homology-based excision strategy was first described by iamtham and Day (9) who eliminated antibiotic resistance genes from transplastomic tobacco via engineered direct repeats that flank them. Other strategies include excision by phage site-specific recombinases (11), transient co-integration of the marker gene (12) or co-transformation followed by segregation (3) . Different variants of the homology-based marker excision strategy were evolved lately (7, 14) but the original procedure that we used in this study, seems to be the simplest and highly efficient approach. Rt-PcR (reverse transcription PcR) assays showed ( fig. 4) that specific mRNAs were formed in plants with different Southern blot patterns. thus, aadA gene-specific mRnA only emerged in plants 1 and 2 ( fig. 4a) , while fusion mRnA arising due to transcription of the E7GGG/gus fusion gene was detected in plants 2-8 ( fig. 4b) . Unfortunately, Western hybridizations with anti-GUS ( fig. 5) or anti-e7 (data not shown) antibodies were not able to detect fusion e7GGG/GUS protein in crude extracts of plants harboring and transcribing the E7GGG/gus gene. GUS protein without the E7 part was identified in all relevant plants but E7GGG protein was detected neither in a fused, nor in a free form. it is not clear why no fusion protein e7GGG/GUS or free e7GGG could be detected in transplastomic plants. For example, Morgenfeld et al. (17) reported presence of both fusion and non-fused e7 protein in transplastomic tobacco. We surmise that the main reason could be the connection between E7GGG and gus genes created by a 24 bp oligonucleotide coding for a short peptide GSPGGqSl junction and resulting, probably, in splitting off and degradation of the e7GGG part of the fusion protein. the stability of the fusion mRnA does not seem to be influenced because it was detected in the transgenic plants in high amounts by Rt-PcR ( fig. 4b) . acknowledgements the reported results were obtained with support from the Grant Agency of the Academy of Sciences of the cR (iAA500960903) and with institutional support (RVo: 60077344).
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